Abstract: Supported hydrogen peroxide on polyvinylpolypyrrolidone (PVPP--H 2 O 2 ), silica sulfuric acid (SiO 2 -OSO 3 H) and catalytic amounts of potassium iodide (KI) was developed as a heterogeneous medium for the rapid oxidative coupling of thiols into symmetrical homodisulfides. This oxidizing system proceeds under extremely mild conditions and gives no other oxidized side products.
INTRODUCTION
In recent years, supported reagents on polymeric structures have become increasingly popular in organic synthesis, [1] [2] [3] [4] [5] because of their mild and heterogeneous nature together with advantages of easy work-up of the products. The conversion of thiols to the corresponding disulfides is an important and interesting transformation in organic chemistry due to the central importance of this functional group in diverse areas of chemistry and biology, [6] [7] [8] [9] [10] [11] and oxidation is the most common methodology used for their preparation because of the commercial availability of thiols. A variety of oxidants have been reported for the conversion of thiols into disulfides, such as tributylammonium halochromates/ /silica gel, 12 Fe(HSO 4 ) 3 24 Some of these procedures suffer from one or more disadvantages, such as long reaction times, overoxidation, tedious work-up, low yields of the products, heavy metal contamination, harsh conditions, and expensive reagents or catalysts.
Hydrogen peroxide (H 2 O 2 ) is a powerful oxidizing agent that has been used as an oxidant for the oxidation of different types of organic moieties, 25, 26 and in order to avoid the hazards connected with the use of concentrated solutions of hydrogen peroxide, this compound has been used supported on a carrier. 25, 27, 28 In this regard, polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP-H 2 O 2 ) has proved to be one of the most popular choices with its advantages of insolubility in organic solvents, easy work-up of products, non-toxic content and mild oxidizing properties. Therefore, it was decided to study the application of this polymeric reagent for the oxidative homocoupling of thiols in conjunction with silica sulfuric acid (SiO 2 -OSO 3 H) and catalytic amounts of potassium iodide (KI).
RESULTS AND DISCUSSION
In connection with an ongoing program related to the application of new reagents or reagent systems for organic functional group transformations, [29] [30] [31] [32] [33] [34] [35] the preparation of polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP-H 2 O 2 ) and its application to the synthesis of symmetrical disulfides from the corresponding thiols were considered of interest.
Therefore, in this study it was decided to design an efficient catalytic system including polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP-H 2 O 2 ), silica sulfuric acid and potassium iodide (as catalyst) for the in situ generation of hypoiodous acid (IOH), as the active oxidant. A variety of aliphatic and aromatic thiols 1 were converted to the corresponding disulfides 2 using polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP-H 2 O 2 ) and silica sulfuric acid (SiO 2 -OSO 3 H) in the presence of catalytic amounts of potassium iodide (KI) in dichloromethane or ethyl acetate (as solvent) at room temperature (Scheme 1). The results of this transformation are summarized in Table I All of the coupling reactions were realized under completely heterogeneous conditions in which the product was easily obtained by simple filtration, washing the filtrate with an organic solvent and evaporation. Subsequent TLC and 1 H-NMR spectroscopic analysis of the residue in each case revealed purity to be > 95 %.
In order to demonstrate the role of potassium iodide as catalyst in the described system, it was decided to design a reaction in the absence of this compound. Therefore, 4-bromothiophenol was reacted with polyvinylpolypyrrolidone-supported hydrogen peroxide and silica sulfuric acid in the absence of potassium iodide. As is evident from Table I (entry 3), 1,2-bis(4-bromophenyl)-disulfane was obtained in 54 % yield after 24 h, which is much less efficient than with the potassium iodide (15 min, 99 % yield) . In addition, in order to study the role of the acid, 4-bromothiophenol (as a typical example) was subjected to oxidative coupling by PVPP-H 2 O 2 and catalytic amounts of KI in the absence of silica sulfuric acid. In this case, it was observed that the reaction time was increased to 24 h and 1,2-bis(4-bromophenyl)disulfane was obtained in 91 % yield (Table I , entry 4). Thus, it was concluded that the presence of both the acid and potassium iodide was necessary for the rapid and efficient conversion of a thiol 176 GHORBANI-CHOGHAMARANI, NIKOORAZM and AZADI into the corresponding disulfide by polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP-H 2 O 2 ). A range of thiols were converted and a range of functional groups are chemoselectively tolerated (HO, CO 2 H, heteroaromatic) .
A plausible mechanism for this conversion is outlined in the catalytic cycle shown in Scheme 2 based on previously reported work. 18, 31, 32, 36 The key is the production of hypoiodous acid (HOI) as the active oxidant to form a sulfenyl iodide RSI as an intermediate. Coupling of this with another molecule of thiol produces the homodisulfide with formation of HI, which exchanges with the potassium salt of silica-sulfuric acid (Scheme 2) to regenerate KI. In this way, HI is not built up in the reaction.
Scheme 2. Mechanism of coupling of thiols by in situ generated iodine.
EXPERIMENTAL

Materials and methods
All chemicals and solvents were purchased from Fluka, Merck or Aldrich and were used without further purification. Polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP--H 2 O 2 ) was prepared via the procedure reported by Pourali and Ghanei. 37, 38 Silica sulfuric acid was prepared via the procedure by reported Zolfigol. 39 All the prepared disulfides are known and were characterized by comparison of their spectral (IR, 1 H-NMR or 13 C-NMR) and physical data with those of authentic samples.
General procedure for the oxidative coupling of thiols using PVPP-H 2 O 2 /SiO 2 -OSO 3 H/KI
To a suspension of polyvinylpolypyrrolidone-supported hydrogen peroxide (0.175 g), silica sulfuric acid (0.1 g) and potassium iodide (0.02 mmol) in dichloromethane or ethyl acetate (5 mL) was added a thiol (1 mmol), and the mixture was stirred at room temperature for the specified time (Table I ). The progress of the reaction was monitored by TLC. After completion of the reaction, the reaction mixture was filtered and the residue washed with CH 2 Cl 2 (20 mL), (the residue of entry 5 was washed with ethanol). Finally, the organic solvent was evaporated and pure product was obtained as judged by TLC and 1 H-NMR spectroscopy.
CONCLUSIONS
In summary, it was demonstrated in this research that polyvinylpolypyrrolidone-supported hydrogen peroxide (PVPP-H 2 O 2 ) is a practical and versatile oxidizing polymer, which is able to convert a variety of thiols into disulfides in the presence of an acid and iodide salt. The presence of silica sulfuric acid and potassium iodide was found to be critical for the conversion, and the isolation of the product was facile.
